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We have built a two-stage adiabatic demagnetization refrigerator (ADR) to operate cryogenic high-
resolution x-ray detectors in synchrotron-based fluorescence applications. The detector is held at
the end of a 40 cm cold finger that extends into a UHV sample chamber. The ADR attains a base
temperature below 100 mK with about 24 hours hold time below 400 mK, and does not require

pumping on the liquid He bath. We will discuss cryostat design and performance.
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Introduction

Cryogenic x-ray detectors have received wide attention during the last decade because they
combine the high energy resolution of grating spectrometers with the broadband efficiency of
semiconducting energy-dispersive detectors [1]. Cryogenic detectors fall into two groups:
Microcalorimeters and superconducting tunnel junctions (STJs). Microcalorimeters measure the x-
ray induced temperature rise of a sensitive thermistor, typically a superconducting transition edge
sensor [1, 2] or a doped semiconductor [1,3,4]. Microcalorimeters offer a very high energy
resolution of 2 to 5 eV FWHM at for photon energies btheen 2 and 6 keV [2,3,4]. This comes at
the expense of a lower maximum count rate around 500 counts/s, because the relaxation of thermal
devices back to their equilibrium is intrinsically slow [5]. STJ detectors measure the increase in
tunneling'current when a photon is absorbed in one of the superconducting electrodes and excites
excess charge carriers above the superconducting energy gap. STJ detectors have achieved a
slightly poorer resolution between 2 and 12 eV FWHM for 0.05 to 6 keV photons [6,7,8,9]. How-
ever, STJ detectors can be operated at more than an order of magnitude higher count rates {10]. °

High energy resolution combined with high count rate capabilities make STJ detectors
attractive for synchrotron-based x-ray fluorescence spectroscopy (SR-XRF). We have developed
Nb-Al-AlOx-Al-Nb STJ detectors and operated them in an adiabatic demagnetization refrigerator
(ADR) in synchrotron applications. Our STJ detectors have achieved an energy resolution between
1.7 and 8.9 eV FWHM at 50 eV to 1 keV [7], and they have been successfully operated at count
rates above 10,000 counts/s [10]. We have also demonstrated the capabilities of STJ detectors for
SR-XRF applications [11, 12].

The area of a single STJ detector is relatively small, typically 0.2 0.2 mm?. For practical
XRF applications, the STJ detector must therefore be placed close to the sample to acquire data
with a reaslonable count rate. In our previous demonstration experiments, this was achieved by

inserting the sample into the cryostat. Some earlier experiments were also atfected by residual




front it, since it is not always practical to bake out the Al vacuum vessel which houses our ADR
cryostat. Finally, the necessity to pump on the liquid He bath consumed both time and liquid He.
We have therefore designed a new two-stage ADR for SR-XRF where the STJ detector is held at
the end of a 40 cm long cold finger that can be inserted into a UHV sample chamber at a

synchrotron endstation. Here, we discuss the design of this cryostat.

Cryostat Design

Adiabatic demagnetization is a process of magnetic cooling below a liquid He bath
temperature through isothermal magnetization and adiabatic demagnetization of a paramagnetic
material [13]. Magnetization lowers the entropy of the paramagnet, and the heat of magnetization is
carried into the liquid He bath through a closed heat switch. After opening the heat switch, the
magnetic field is decreased sufficiently slowly to keep the entropy of the paramagnet constant,
thereby lowering its temperature. The base temperature of an ADR typically varies between 30 mK
and 1 K, depending on the ordering temperature of the paramagnet used. ADRs are compact,
reliable and easy to use.

The cryostat discussed here uses two different paramagnets, with the first stage cooling to a
temperature of 1 K and supporting a second stage which cools to a base temperature below 0.1 K
(figure 1) [14,5]. The two-stage design allows operation with a bath temperature of 4.2 K and thus
does not require pumping on the liquid He bath. The cryostat is designed for a base temperature of

o/
60 mK, and a hold time per magnetization cycle of 24 hours below 400 mK, the maximum
operating temperature of our STJs. £

The 30 cm diameter cryostat shell with a 7.4 1 liquid N, and a 9.6 | liquid He tanks is a
commercial design by Infrared Laboratories [15]. The liquid He tank has a cylindrical 10 cm

cavity to accommodate the ADR magnet with the paramagnets and a magnetic shield. The 77 K

and 4.2 K radiation shields use just one layer of Al foil, rather than several layers of superinsulation




that produces a maximum field of 5 T at a current of 23.1 A. It is surrounded by a Vanadium
Permendur magnetic shield with 14.5 mm wall thickness to prevent trapping magnetic flux in the
superconducting detector. Although Vanadium Permendur saturates at a magnetic field of 4 T, the
field outside the cryostat never exceeds 0.02 T during magnetization, and is orders of magnitude
lower after demagnetizatioﬁ at the position of the detector at the end of the cold finger.

To reduce the heat load into the liquid He tank, the current leads to the ADR use high-
temperature superconducting BSCCO leads between the liquid N, and liquid He cooled stages.
They are fabricated by Eurus Technologies {16], and have a current rating of at least 25 A atB=10
and températures beiow 77 K. They are not driven normal during magnetization. However, siﬁce
the top of the stainless steel liquid He tank can be at temperatures up to 15 K for low liquid He
levels, we have to heat sink the low temperature end of the BSCCO leads with an Au-plated
oxygen-free high conductivity (OFHC) Cu strap attached to the 4.2 K portion of the He tank. This
ensures that the NbTi leads to the ADR magnet always remain superconducting.

We operate both paramagnets with a single magnet and a single heat switch (figure 1). The
first stage is cooled by a 143 g single crystal of gadolinium gallium garnet Gd;Ga;O,, (GGG).
GGG is an attractive material for a guard stage to reduce the heat load into the cold stage because
of its ordering temperature around 1 K, its high heat capacity and its high thermal conductivity
[14]. The cold stage (0.1 K stage) uses a 63 g homegrown salt pill of Fe(NH,)(SQO.), _ 12 H,0,
commonly know as FAA for Ferric Ammonium Alum. FAA is a poor thermal conductor and also
corrodes Cu, requiring growth of the FAA salt pill from an aqueous solution onto a skeleton of
solid Au wires, which are silver-soldered to an OFHC Cu post connecting to the cold stage [}7].
Furthermore, FAA dehydrates at temperatures abbve 40 °C thereby losing its paramagnetic
properties, and is therefore sealed inside a thin stainless steel can. Since a cryostat with an FAA
salt pill cannot be baked out, it is assembled in a clean room wearing latex gloves and using

ultrasonically cleaned parts to make it as close to UHV compatible as possible. Both stages are




N (cf. figure 1). Since Kevlar lengthens over time and with thermal cycles, we have cooled each
suspension at least four times to 77 K before re-tensioning them and installing them in the cryostat.

We have designed an electrically controlled heat switch to avoid air leakage at the o-ring
sealed feedthroughs often found in conventional mechanical heat switches (figure 2). It uses an
over-center-cam locking mechanism activated by two solenoids that toggle a stainless steel spring
between two stable positions. This bi-stable heat switch does not require any current through the
solenoids to keep it closed, and the only heat load into the liquid He bath is due to the 200 ms 1.5 A
current pulse through the 3 _ solenoid to activate the plunger. The large mechanical advantage‘of
the heat switch’s locking mechanism provides a force of 2000 N to each of the cold fingers, which
can be tuned by adjusting the thickness of the fingers. At present, the thermal conductance through
the heat switch is 65 mW/K at 4.2 K, sufficient to cool the cold stages to the bath temperature
within 20 minutes after magnetization. This sets the time required for a demagnetization cycle.

The STJ detector is mounted at the end of an OFHC Cu rod that is bolted to the 0.1 K stage
at three points for stability and thermal contact. This rod is surrounded by an OFHC Cu radiation
shield, which also holds the STJ detector magnet needed to suppress the dc Josephson current for
stable STJ operation. All of this is enclosed with a second radiation shield attached to the liquid N,
cooled stage. The diameter of this outer shield of about 45 mm is sufficiently small to fit through
standard gate valves. All of these parts are Au plated to prevent them from oxidation for good
thermal contact across interfaces. The clearance betwee.n the shields of at least 3 mm is sufﬁcien_t
to ensure that stages do not touch each other during cool down or magnetization, provided that t}:;a
paramagnets are well aligned in the center of the magnet. There are three thin infrared (IR)
blocking windows consisting of 200 A Al on 1000 A parylene at the end of the cold finger to
prevent room temperature radiation from heating the cold stage and causing IR induced excess
noise in the detector. Their size is determined by a trade-off between desired angle of acceptance

and tolerable IR photon flux [18].




Results and Discussion

Our two-stage ADR has attained a base temperature of 65 mK using a magnetization field
of 4.4 T, which allows temperature controlled operation at temperatures down to 70 mK. In
unregulated operation, the cold stage had a hold time of about 24 hours below 400 mK, the
maximum operating temperature of our STJ detectors. The initial warm-up rate is low, and the
detector stays below 200 mK for about 20 hours. The liquid He hold time is more than two days.
The time for a demagnetization cycle is about 45 minutes, yielding a duty cycle for the ADR of
more than 95%. It is possible to further increase the hold time by not demagnetizing to zero
magnetic field, but just to the value required to reach the desired operating temperature, and then
slowly decreasing the field to maintain a constant temperature.

Initial tests with a similar two-stage ADR system at the BESSY II synchrotron have
achieved an STJ detector resolution of 21 eV FWHM at a photon energy of 270 eV. The resolution
improved to around 10 eV with better IR filtering. This is still less than the resolution of nominally
identical STJ detectofs mounted in the center of an ADR, rather than at the end of_a cold finger
within 2 ¢cm of a room temperature sample. This discrepancy may still be due to excess noise
caused by IR radiation, or due to insufficient shielding of external magnetic fields. The chamber
vacuum during operation was in the 10 mbar range, and no signs of gas freeze-out on the IR

blocking windows have been observed.

In summary, we have built a two-stage ADR to operate cryogenic high-resolution STJ x-ray
detectors in synchrotron-based fluorescence applications. The STJ detector is held at a temperature
around 0.1 K at the end of a 40 cm cold finger within 2 cm of a room temperature sample. The
cryostat hold time is about 24 hours per demagnetization cycle, and the outgassing of the unbaked
cryostat is compatible with a chamber pressure in the 10* mbar range. Details of the cryostat and

the detector performance will be discussed in a separate publication.
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Figure captions:

Figure 1: Schematic cross section of the two-stage ADR. The STJ detector operates at a
temperature below 0.1 K at the end of 2 40 cm cold finger inside a UHV chamber within 2 ¢cm of

the sample.

Figure 2: Schematics of the heat switch: A) Stainless steel (SS) frame B) Movable SS link's to C)
SS springs which rotate about the pivot points (circles). D) Two solenoids (cross-hatched) with
plungers (E) for opening (bottom) and closing (top) heat switch. F) Au-plated oxygen-free high-
conductivity (OFHC) Cu thermal links (shaded), spring-loaded to pivot at the end of the SS springs
(C) to make good thermal contact between the 0.1 K stage and 1 K stage fingers (H) and the liquid

He bath through the annealed OFHC Cu-braid (G).
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